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Atomic and electronic structure of silicate adlayers on polar hexagonal SiC surfaces
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Structural and electronic properties of silicate adlayers ¢B>y3)R30°-reconstructed C-terminated
(OOOT) and Si-terminated0002) surfaces of hexagonal6-SiC have been studied using thb initio pseudo-
potential supercell method. Two significantly different structural models, previously suggested on the basis of
a quantitative low-energy electron diffractidhEED) analysis for the two adsorbate systems, have been
investigated. Both of these models have been considered for both surfaces and the four respective structures
have been optimized by total energy minimization calculations. The two structures with the lowest formation
energy confirm the interpretation of the LEED data. In addition, they allow us to address the physical origin of
the distinctly different reconstruction models for the two surfaces. The electronic structure of these surfaces
according to local density approximation calculations is presented and discussed. Both models yield a number
of oxygen-induced bound states and resonances within the projected valence band region and a band of
localized dangling-bond states within the projected gap. Within the local density approximation, this dangling-
bond band turns out to be half-filled in both cases, giving rise to metallic surfaces in contradiction to experi-
ment. Therefore, the systems have also been studied within the framework of the Hubbard model and by
employing the local-spin-density approximation. In both cases semiconducting surfaces are obtained in agree-
ment with experiment. The dangling-bond bands resulting within the Hubbard-model calculation, in particular,
are in quantitative agreement with most recent angle-resolved photoemission spectroscopy datadgr a Si
silicate adlayer on SiC(0001

[. INTRODUCTION surface layer, thus forming Si-C bonds. We label this struc-
ture as theSi,O; mode| for brevity. On the Si-terminated
The paramount technological potential of SiC for high- (0001 surface, the Si adatoms are bound to the topmost
power, high-temperature, and high-frequency electronicubstrate-surface Si layer via a linear oxygen bridge consist-
deviced has led to a very strong interest in its bulk anding of Si-O-Si. We label this structure as t&&0s model

surface properties both in experiméhand theory. The for-  Both the observed bond angles and bond lefgtzgree
mation of a high-quality insulating oxide layer on SiC, for wel| with those of bulk SiQ. Potentially, ultrathin oxide
example, is a key requirement for any metal-oxide—jayers may serve as a seed for the epitaxial growth of, SiO
semiconductor device based on this new semiconductor mgn the SiC surface. The lattice mismatch between these two
terial. Ordered oxide layers on hexagonal SiC surfaces havgrystals is only 5% while the respective mismatch between
attracted particular attention. Preparing oxide layers on SiCsi and SiQ amounts to 25%. Starke and co-worketsave
e.g., by thermal oxidation at high temperatdrby low-  also found that their oxide surfaces were stable in air, which
temperature remote plasma assisted oxidationpy oxida-  is consistent with related observations of Bermutfeln a

tion of polycrystalline silicon on SiC,leads to interfaces more recent publication Holleringt al!* report electronic

with a high defect density. On the other hand, it has beeRtates of an ordered oxide on the C-terminated SiC(P001
shown very recently that the preparation of hexagonal SiGface that they have prepared by annealing the above-
surfaces by hydrogen plasma or etching in hydrogen flownentioned samplég at 650 °C.
produces highly ordered monolayers of silicon dioxid. To the best of our knowledge there has been no theoreti-
microscopic understanding of the atomic structure and they) investigation of the geometrical and electronic structure
bonding arrangements of such ultrathin oxide layers on hexsf sjlicate adlayers at hexagonaH6SiC surfaces so far.
agonal SiC surfaces |s§o§j prime interest, therefore. Therefore, in this paper we present and discuss the results of
Starke and co-workefs have experimentally investigated g, jnitio pseudopotential calculations for ultrathin oxide lay-

structural Eroperties of ultrathin oxide layers on ers on G-I-SiC(Oocﬁ) and 64-SiC(0001) surfaces in com-
6H-SiC(000]) and &1-SiC(0001). The authors have found, harison with recent experimental data. We have energy-
as noted above, a way to prepare well-defined epitaxial oxidgiimized the two above-mentioned structural models for
monolayers  on  these  surfaces.  Well-orderedyoih of these surfaces and have identified their relative sta-
(V3x \/3)R30°-reconstructed surfaces have been obtainedhjjities. Detailed investigations of the electronic properties of
A quantitative low-energy electron diffractiofLEED)  these systems have been carried out in the framework of the
analysis could be achieved for,8) silicate adlayers on top  |gcal density approximatiofLDA), as well as the local spin-

of otherwise bulk-truncated SiC surfaces. On thegensity approximatiofLSDA) of density functional theory
C-terminated (000) surface, the Si atoms of the silicate and on the basis of the Hubbard mod&Dur structural re-
adlayer are bound directly to the C atoms of the substratsults constitute an independent theoretical confirmation of
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the LEED analysis and our electronic structure allows for an  (a) Top view
interpretation of most recent experimental results from

angle-resolved photoemission spectroscbighRUPS). [122] () /[2,110]
The paper is organized as follows. In Sec. Il we briefly

describe the theoretical method. Section Ill presents and dis- ‘

cusses structural and electronic properties of the silicate- ( )

covered C-terminated SiC(00PXkurface. Section IV is de-

voted to the presentation of our results for the silicate-

covered Si-terminated S{G001) surface. In both cases, we ® 0

identify the influence of coadsorbed hydrogen on the struc- /k/ O si

tural and electronic properties of the systems as well. A short ( ' )

summary concludes the paper in Sec. V. I/{ O Si

e C

O—@—0

(b) Side view: SipOs

II. CALCULATIONAL METHOD

Ab initio pseudopotential calculations are carried out
within the LDA and LSDA. Nonlocal, norm-conserving
pseudopotentiaté 2" in separable form, as suggested by
Kleinman and Bylandet® and the exchange and correlation
functional of Ceperley and Aldéf, as parametrized by Per- -
dew and Zungef! are employed in our calculations. The  (¢) side view: SiOs

wave functions are expanded in terms of linear combinations di

of Gaussian orbitals wits, p, d, ands* symmetry. A de- O.F)/.\( ) ‘ ) —
tailed description of the method has been given in two pre- dz
vious paper$}??Here we just give some additional informa- =
tion that is of particular relevance for the present systems. 1
The basis states for Si, C, and H are the same as in Ref. 22. ( TRl

For the oxygen adatoms, we use 30 Gaussian orbitals with

decay constants of 0.34, 0.95, and 2(ifRatomic unit3. Six FIG. 1. Schemati¢a) top and(b,c) side views of silicate adlay-

k; points in the irreducible part of the surface Brillouin zone ers on the 61-SiC(000) surface. The side views show tfb)

turn out to be sufficient for the\@x \/§) unit cell in orderto  Si,O; and (c) Si,Os silicate layer model, respectively. The large
obtain converged results. A supercell including the adlayersypen circles represent Si adatoms and the shaded circles represent
eight SiC layers, and six vacuum layers is used to describexygen adatoms in the silicate adlayer. The small open and solid
the surface system. The atoms in the first three substratéircles represent the substrate-surface Si and C a{drosarrive at
surface layers and those in the adlayers are relaxed in ordéte respective models for theHSIC(0001) surface, only the

to eliminate the forces. The structure optimization is termi-Substrate-surface Si and C atoms need to be interchangke.
nated when each force is less thar 10Ry/a.u. To guaran- normal distances between atomic layers are Iabelleq di, d2_, d3 and
tee a reliable identification of surface resonances within th&4: The dashed area (@) represents the two-dimensional Wigner-
energy region of the projected bulk bands we enlarge th&®'Z cell

slab by including 20 additional SiC bulk layers and calculate

the surface-band structure. there are two Si adatoms and three oxygen adatoms per sur-
face unit cell. Figures. (&) and Xb) show a schematic top
lIl. SILICATE ADLAYERS AT THE C-TERMINATED and side view of this model. The Si-O-Si bonds at the sur-

face are arranged in a honeycomb pattseae the border line
of the shaded area in the top vievEach oxygen atom is
In this section, we address the atomic and electronic struddound to two Si adatoms and its=2 shell is fully saturated.

ture of the C-terminated SiC(00Pkurface covered by sili- Each Si adatom in the 30, adlayer is fourfold coordinated.

cate adlayers and we address the effects of coadsorbed hjbree of its bonds are saturated by top-layer oxygen atoms
drogen, as well. while the fourth is involved in the tetrahedral bond to the

substrate-surface layer C atoms. These bonds between the

adlayer and the substrate-surface layer turn out to be usual

Si-C bonds as in bulk SiC. The bond angles in the silicate
In the experiment by Bernhardit al.® an ordered (/3 adlayer are close to the tetrahedral angle. In ea¢B (

% \/3)R30° phase was observed. The LEED pattern for thisx \3) unit cell there imne unsaturated dangling borad the

surface is practically free from background. Moreover, in thesubstrate-surface layer C atoms staying in the center of the

Auger electron spectroscopfES) data, a strong (Q, peak  Si-O-Si honeycomb rings.

and an oxidic fine structure of Sjy indicate the existence of Since bulk 64-SiC has the stacking sequena8 CACH

Si-O bonds in the surface® By fitting their LEED data, a its (000) and (0001 surfaces can have three specific termi-

model including a silicate monolayer on top of the pations. In the following, we use the same labels as sug-

SiC(000) surface was suggested by Starke andgested by Starkg, ie., S1, S2 and S3 for

co-workers®? In this lattice configuratiorithe SpO; mode), CACBA..., BCACB..., and ABCAC..., respec-

SiC(0001) SURFACE

A. Atomic structure of silicate adlayers at SiC(OOOT)
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TABLE |. Structure parameters for the C-terminated silicate-coverdldS8C(0003-(/3% y/3)R30°
surface for the SO; model with the three different surface terminations S1, S2, and S3, as well as, for the
H-saturated S1 configuratior(for details see text Measured structure parameters from Starke and co-
workers(Refs. 8 and Dare given in parentheses.

Stacking type S1 S2 S3 H-saturated
d, 0.55(0.59 0.55(0.59 0.55 0.56
d, 1.85(1.9) 1.85(1.87) 1.85 1.84
ds 0.62(0.58 0.62(0.60 0.62 0.63
Downward 0.18(0.08 0.20(0.19 0.20 0.03
Si-O bond length 1.681.64) 1.62(1.63 1.63 1.63
Si-O-Si angle 140.5° (140.8°) 140.4° (141.4°) 140.5° 139.9°
C-H bond length - - - 1.17

tively. We have optimized the atomic structure of theGsi  seems to be a fairly detailed balance between the energy of
model for all three types of termination S1, S2, and S3. Thdhe involved bonds. In the 8D; model, there are six Si-O
resulting structural parameters are listed in Table I. First wend two Si-C bonds per unit cell originating from the silicate
note that there are no significant differences between thadlayer. In the $Os model, there are eight Si-O and two
layer distances and bond lengths for the three termination&:-O bonds, respectively. To meaningfully compare the two
The vertical distancel; between Si and O sublayers in the systems, we have to add the bond energy of a freen0l-
silicate monolayer is 0.55 A. The Si-O bond length of ecule in the former case. So leaving the six Si-O bonds
1.62 A and the Si-O-Si bond angle of 140.5° are very closevithin the silicate adlayer out of consideratitthey are ba-
to the respective values of 1.61 A and 144° femuartz.  sically equal in both structurgghe balance between one
The vertical distancd,=1.85 A is the bond length between O-O and two Si-C bonds as compared to two Si-O and two
the Si adlayer atoms and the C atoms on the top layer of the-O bonds determines the total energy difference. Close total
SiC substrate. It turns out to be very close to the bulk-bonnergies for the two structures are conceivable, therefore.
length (1.89 A) of SiC. The carbon atoms with the unsatur-Since experimefi** has clearly favored the $d; model
ated dangling bond are shifted downward by 0.18-0.20 Afor the C-terminated surface and since ARUPS datae
according to our calculations. The structural parameters froravailable for that surface, we address the surface electronic
LEED experiment® are also listed in Table | for compari- Structure for the $0O; model in the following subsection
son. We find very good general agreement between our calising our optimized surface configuration.
culated results and the experimental data. Thus our results
confirm the quantitative LEED analysis for this surf4ce.

Another conceivable model for this surface could be the
Si,Os structure suggested by Bernharetal® for the The calculated surface band structure of the C-terminated
silicate-covered Si-terminated S@01) surface. The top surface within the $O; model is given in Fig. 2 together
view of the respective structure in the current case is thevith the (000) projected bulk-band structure ofH6SiC.
same as that for the £); model[see Fig. 18)] but its side  The latter is shown by the shaded areas. All bands plotted in
view is different as shown in Fig.(@). There are two Si and the figure as full or dotted lines are related to surface bound
five O adatoms in each unit cell. We call this configurationstates or resonances that mainly originate from thgs$i
the SpOg model, therefore. For the current surface, theadlayer. The contribution from the adlayer atoms and the
Si,O; silicate adlayer is not directly bound to substrate-substrate-surface bilayer to the respective states is more than
surface C atoms but it is connected to the substrate by 40%. In the following discussion, we refer all energies to the
linear Si-O-C bridgdsee Fig. 1c)]. The Si-O and C-O bond valence band maximurtVBM) of the bulk crystal as energy
lengths result as 1.59 A and 1.39 A, respectively. Thezero (Eygy=0). The three bands near20 eV mainly
former is close to the Si-O bond length of 1.61 A in originate from the 2 states of the oxygen adatoms contrib-
a-quartz, while the latter is approximately the sum of theuting more than 80% to the respective states. Related to the
covalent radii of C and O. Similar to the case of the@i  Cj;, symmetry, there is one singlet and one doublet state at
model, the vertical distana#, between Si and O in the sili- the high symmetry points' andK. The bands located ener-
cate adlayer is 0.54 A and the distarttebetween the top- getically between-7 and—10 eV are mainly derived from
most C and Si layers of the substrate turns out to be 0.63 AQ 2p states. These bands are located partially in the ionic
These values correspond th andd; in the SpO; model  band gap. Betweern 1.8 eV and—4.0 eV, there are reso-
(see Table)l nant bands resulting mainly from the $i302p hybridized

To discern between the two considered structures, wetates in the Si-O-Si honeycomb ring.
have calculated the formation energies for both models using In spite of the fact that all bonds of the Si and O atoms in
the method described in Refs. 22 and 23. For low values othe silicate adlayer are saturated, there is a fairly flat band of
the chemical potential of oxygep,, the S}O; model turns  surface states in the fundamental band gap near 0.2 eV above
out to be more favorable while for larger valuesof the  E,gpy, in addition. Inspection of the respective wave func-
Si,O5 model has a slightly lower formation energy. Theretions shows that this flat band originates from the dangling

B. Electronic structure of Si,O5 at SiC(0001)
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FIG. 2. Surface band structure of the,8i model for the

6H-SIC(000)-(y3X y3)R30° surface(see Fig. 1 for the struc- 4 HiH ”';:HH ”WH “'II il HH

(0003-(y3 \3) (see Fig (T e

ture). Surface-state and -resonance bands are shown by full and = 3 “”"H:H :}: IHHH i

dotted lines, respectively. They are included in the figure if the z 2 ﬂ‘“lm n L

adlayer atoms and substrate-surface bilayer atoms contribute more & *

than 40% to the respective features. The shaded area represents the E 19 ®e o ae o Dy Cde e o .'

(0009 projected band structure of bulk-6SiC. SIS —"'ﬁ‘—“;‘ of8se 0 M
O R A 1

bonds of the C atoms in the centers of the Si-O-Si honey- r K M r

comb rings at the substrate surface. We label the badl as 5 3 section of the surface-band structure for thgOSi

in_the figure..The- lateral distance between .ne.ighborir.lg d_anﬁ100|e| of €H-SIC(0003-(\3x y3)R30° including the dangling-
gling bonds is fairly large (5.3 A) and their interaction is ponq hands. The upper, middle, and bottom panels show the results
screened by the silicate adlayer. In consequence, the upwaf@m LpA, LSDA, and Hubbard-model calculations, respectively.
dispersion of theD band from the surface Brillouin zone The shaded area is th®003) projected band structure of bulk
center (" point) to its corners K and M point) is small.  gH-SiC. The solid dots represent ARUPS data from Ref. 11.
Since there is one unsaturated dangling bond per surface unit
cell, the dangling-bond band is half-filled. Thus our LDA bond bands is shown in Fig(8 for the LDA (see Fig. 2 for
calculations yield a metallic surface while experiment ob-comparisoin and in Fig. 3b) for the LSDA calculation.
serves a semiconducting surfage. Within LDA, the dangling-bond band is half-filled. It

To resolve this discrepancy and contribute to a better unsplits by 0.6 eV into two bands in the fully spin-polarized
derstanding of the electronic properties of this system we& SDA calculation. The lower band is completely occupied
have carried out spin-polarized local density calculations tavhile the upper one is empty. We label themDas andD |,
better describe the ground state properties of our system, amdspectively. Thus the surface results as semiconducting in
we have employed the Hubbard modeh order to approxi-  the LSDA. The calculated gap energy of 0.6 eV, however, is
mately describe excitations, in addition. The correlation enconsiderably smaller than the measured gap energy of about
ergy U of two electrons in the dangling bonds is taken as a1.4 eV!! This kind of deviation in gap energies is typical for
parameter determined from our LDA calculations for differ- local (spin) density calculations. The one-particle LSD
ent occupations of the dangling bonds. Northtrup andheory underestimates the band gap by a considerable
Neugebauef; Furthmiller etal,”> and Rohlfing and amount. In order to arrive at a correct description of the band
Pollmanrf® have demonstrated that such Hubbard-model calgap, quasiparticle band-structure calculations beyond LSDA,
culations can account for the photoemis$ioand inverse e.g., within theGW approximatio® would be useful but
photoemissioff spectra of the clean SiC(0001)& they are very demandirfg.
% /3)R30° surface. Thus it is to be expected that the Hub- To improve on this aspect the concept of a Mott-Hubbard
bard model applies to the current system, as well. metal-insulator transitidfi may be used as an alternative to

The LSDA calculations have been started with a ferro-more appropriately describe excited states and the dangling-
magnetic configuration, i.e., all electrons in the danglingbond band splitting. When the intra-atomic Coulomb inter-
bonds occupy the spin-up state. During the self-consistencgction U is much larger than the respective bandwidth, the
cycle this configuration remains stable, with a total energyhalf-filled LDA band splits into two bands with half the
gain of 0.12 eV per dangling bond due to the spin polarizawidth of the original band and an energetic separatiok of
tion. A section of the band structure including the dangling-The lower Hubbard bandy) is fully occupied while the
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upper Hubbard band@Y,) is empty. The surface changes occupation of the spin-up and spin-down orbitals. Therefore,
from a metallic to an insulating phase by a Mott-Hubbardthe surface will presumably show neither a ferromagnetic nor
transition. To calculate the Coulomb interactibh we use an antiferromagnetic phase, but will show a paramagnetic
the charged supercell approa@i® The unit cell of the phase at room temperature or above.

oxygen-covered surface was enlarged toxa33cell in which

all C dangling bonds except one are saturated by hydrogen to C. Effects of coadsorbed hydrogen

simulate isolated C dangling bonds. The total energy of the Starke and co-worket€ have observed that the samples
system has been calculated for various possible charggstepared in their experiments were stable in air. The exis-
states of the dangling bonds, as suggested by Northrup andnce of dangling bonds certainly would be unfavorable for a
Neugebauet? The resulting value for the intra-atomic Cou- stable surface structure in air. Since the samples were treated
lomb interactionU is 1.2 eV. The lower and upper Hubbard either thermally by annealing in hydrogen flow or by a hy-
bands are plotted in Fig.(8. The lower band has only half drogen plasm&? one can expect that the abundantly avail-
of the dispersion of the LDA ban@ and its center of energy able H atoms have saturated the existing dangling bonds in
resides at the same energy position as that ofQihieand.  the samples. We have considered geometries with one hydro-
Due to the large splitting and small band width, there is nogen atom added per/@x y/3) unit cell also, therefore. By
overlap between the lower and upper Hubbard bands. Thieeping the H atoms on top of the C atoms in the center of
results in a semiconducting surface as in our spin-polarize§ach Si-O-Si honeycomb ring saturating the C dangling
calculation. But now the surface band gap is about two time§0nds, the structure was optimized anew. The resulting
as large as in the LSDA results. The calculated band gap giiructure parameters are shown_ in Table I, as well. Since the
1.2 eV compares favorably with the experimental Suncacestacklng sequence has a negligible effect on the structure
gap of about 1.4 eV as clearly observed in the band bendin arameters of the H-covered surfaces, we only show the pa-

of the annealed surfac¢é The agreement is good in view of meters for H coadsc_)rbed at the- stacking sequence S1.
the fact that the error in the Hubbakéas calculated by the Comparing the respective results with the structure param-

above procedure s a5 large a several tent o if . 2% f 11 suface wibout saturaon ue can lar sec
For a direct comparison with experiment, we have in- 9: 9

cluded the ARUPS data for the most salient surface-statgnd the Si-O-Si bond angle in the silicate bilayer only mar-

bandD in Figs. 38 and 3c). We observe that the agreement ginally. The only noteworthy change concerns the downward

; ; . . shift of the C atoms in the center of the Si-O-Si honeycomb
for the occupied dangling-bond band is very good in bot rings. After the H atoms saturate the dangling bonds, the

cases. From the LDA calculation, however, we obtain only ownward displacement decreases from 0.18 A t0 0.03 A.

one halt-filled band. So the energy position of the occuplea‘%his marginal influence of the coadsorbed H on the structure

and the empty surface states essentially coincide and the sur- " . . 11
face is metallic, in addition. These results contradict the ex_explams why Starke and co-workEfsand Holleringet al.

perimental observatiord, Within the Hubbard modelsee have observed basically the same atomic structure at room

Fig. 3(c)], in contrast, we obtain the fully occupied babgl ﬁim%iiatt#e:ec;; ddsoa;:)ea:jnEigllggg)e;emperature, le., with and

Ibna\r/fj%gotﬁgtagirr?sq]heemlzvye ':g?ﬁg\g?gf ino_lzt)a 2301;2; elr;pty The calculated band structure for the hydrogen-saturated
some 1“2 Ry Sbove thB: band. Thus the surﬁ)‘ace is o%vi- surface(not shown here for the sake of breyitgxhibits no
. . ' e . .. surface or interface states in the fundamental band gap in
ously semiconducting. All these findings are in accord with . . !
agreement with the data.This fact obviously occurs be-

: 11
the data of Holleringet al: . . . . cause the H atoms saturate the dangling bonds of the C at-
In order to get some information on possible magnetic

orderings of the spins at the surface we have also carried Ol(J)th in the center of Si-0-Si honeycomb rings and fully pas-
9 SPINS S . .~ Sivate the surface. The other bands within the bulk valence-
LSDA calculations investigating an antiferromagnetic

(AFM) configuration. For the two-dimensional triangular lat- banq projection remain S|m|!ar to _those for the S1

: e configuration without H saturatiofcf. Fig. 2. Our results

tice there are many possibilities for an AFM arrangement._ " .. . . .

. ; , confirm that hydrogen adsorption on the oxide surface is

Here we consider one simple example. All electrons in rows . ! : .
— T very important for reducing the density of midgap states at

along the[2110] direction are assumed | to _OCCUIO)/'f_he SaM&he adsorbate-substrate interface. This is in accord with high-

spin state, while those in rows along th210] or [1120]  temperature annealing in aytontaining ambient, which

directions are assumed to occupy the opposite spin statef§as observed to reduce the defect density at the oxidized SiC

respectively. Thus each site has two neighboring sites witlurface drastically from 0 to 10'*cm™2.

electrons of the same spin and four neighboring sites with

electrons having opposite spin. This type of an antiferromag- 1V. SILICATE ADLAYERS AT THE Si-TERMINATED

netic structure turns out to be stable. The total energy differ- SiC(0001) SURFACE

ence between the ferromagnetic and this antiferromagnetic . . . .

configuration is less than 5 meV and there is no significant N this section, we address the atomic and electronic struc-

difference for the corresponding band structures. This simplyure of the Si-terminated S{G00) surface covered by sili-

results from the fact that the distance between neighboring@€s as well as by coadsorbed hydrogen.

dangling bonds is as large as 5.3 A and their interaction is

correspondingly small. The screening effect of the silicate

adlayer reduces the interaction between the dangling bonds, For the silicate-covere¢0001) surface, LEED and AES

in addition. This very small interaction may lead to a randomanalyses also indicate the existence of Si-O-Si honeycomb

A. Atomic structure of silicate adlayers at SiQ0002)
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TABLE II. Structure parameters of the Si-terminated silicate-coverBldS8C(0001)-(/3x v/3)R30°
surface for the SO5 model with the three different surface terminations S1, S2, and S3 as well as, for the
H-saturated S1 configuratior(for details see text Measured structure parameters from Starke and co-

workers(Refs. 8 and Pare given in parentheses.

Stacking type S1 S2 S3 H-saturated

d, 0.52 0.53 0.52 0.53

d, 1.60(1.57 1.60(1.57 1.60(1.57 1.60

ds 1.62(1.63 1.62(1.63 1.62(1.63 1.63

dy 0.59 0.59 0.59 0.58
Downward 0.003 0.01 0.02 -0.06
Si-O bond length 1.621.61) 1.62(1.6) 1.62(1.61) 1.62
Si-O-Si angle 142.6° (146°) 142.2° (146°) 142.2° (146°) 142.2°
Si-H bond length - - - 1.55

rings in the top layer. From their data Starkeal® have

PRB 61

which have led the authors to their,65 model. In the fol-

derived the SiOs model for this surface. The respective lowing, we will only discuss the electronic structure of the

structure is shown in Figs.(d and Xc) if the C and Si
atoms in the SiC bilayer on top of the substrate surface are
interchanged. The Si-O-Si ring in the unit cell is not directly

bound to Si substrate-surface atoms via a Si-Si bond but
rather by a linear Si-O-Si bridge in normal direction to the

surface[see Fig. 1c)]. The structural parameters for the op-
timized geometry as resulting from our calculations are liste
in Table 1l together with the experimental values. For the
different terminations of the stacking sequences S1, S2, an
S3, there is no significant difference between the layer dis?
tances and bond lengths. In the top bilayer, i.e., the Si—O-Sti0
honeycomb ring, the interlayer distance is 0.52 A and th
oxygen atoms reside on the top. The resulting Si-O bon
length of 1.62 A and the Si-O-Si angle of 142°

latter model, therefore.

B. Electronic structure of Si,Og at SiC(0002)

The respective surface band structure is shown in Fig. 4.
The shaded area represents t@@01)-projected band struc-
dure of the bulk &1-SiC crystal. The 2 states of the five
oxygen adatoms per unit cell give rise to five bands around
620 eV with a total bandwidth of 2.0 eV. In the ionic band
gap, there are Q2-related bands. The Si-O bonds give rise
surface resonances betwee and—4 eV. These three
roups of bands are characteristic for the silicate adsorption
nd are shown in Figs. 2 and 4. The very flat band at 1.2 eV
boveE, g\ stems from the dangling bonds at the substrate-
aré Velysyrface Si atoms in the center of the Si-O-Si honeycomb

close to the respective values inquartz. In the substrate- rings. The band occurs about 1 eV higher in energy than the

surface SiC bilayer, the interlayer distance (0.59 A) is com-
pressed by 6% relative to the respective value in bulk SiC.
There is one substrate-surface Si atom in each unit cell in the
center of the honeycomb ring having an unsaturated dangling
bond. Comparing our optimized parameters with the experi-
mental results,we find equally good agreement for all three
terminations S1, S2, and S3. Thus also in this case, our the-
oretical study corroborates the model suggested by Starke
and co-worker&® on the basis of their experimental data.

We have also considered the,S8f model for the Si-
terminated substrate surfaggee Figs. (a) and X1b) and in-
terchange C and Si atoms in the top bilayer of the subgtrate
This model has Si-Si bonds between the silicate adlayer and
the substrate surface Si atoms. Calculation of the formation
energy shows that this model is much less stable than the
Si,Os model in the whole range of the allowed oxygen
chemical potentialg. In the limit of uo=0.5E (WhereEg
is the total energy of an Omoleculg, the formation energy
difference is as large as 10 eV per unit cell. The respective
consideration as in Sec. Il A shows in this case that the bond
energies to be compared are those of one O-O and two Si-Si
bonds for the SIO; model with those of four Si-O bonds for
the SpOs model. Within this simple reasoning one would

Energy (eV)

respective band at the (OED]surface(see Fig. 2 for com-

T i :|I|||H|!| |! TTITHRLETT
5-||\H\|uu!!\|H!!!ii||||“;;;iiim;n i HH”'HHT'
i HHH”HHHIH::::H! HHH'” ||||I||||||| "
D
O_
—54
!
.._—-ﬁ‘ I mm
TS g o
il e
715_
02s
—20] e
T K M

=3

expect the latter model to be much more stable than the FIG. 4. Surface-band structure of the,&§ model for the
former for the Si-terminated0001) surface. These findings 6H-SiC(0001)-(/3x \/3)R30° surfacesee Fig. 1 for the structure
are consistent with the results of the LEED experiméfits, and see also the caption of Fig. 2
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(a) LDA the half-filled LDA bandD splits into two band®, andD,

4 :IHMHHHHH i ”HHH‘HH H“|| ””HHHHW sepa}rateq by an energy gap of 1.8eV. It is' interes'ting to note
4 ||H|.“" L \||| | at this point that t_he intra-atomic Co_l_JIomb interaction energy
% " NI ‘||||‘ U of the Si dangling bonds at the silicate-covered (80DJ)

T 1 p ! i surface turns out to be close to the respective values obtained
%D 1 - for the clean Si-terminated SiC(0001)&x \3)R30° sur-
g o | face by Northrup and Neugebaée1.6 eV), Furthmiler
HH“iHi“HH”'”"' u||ll“'IiiiHiHHH et al?® (2.1 eV\), and Rohlfing and Pollmaif(1.95 e\). For
-1 — L ”"'K"“ ““”"I\'d s . the clean surface we obtain as wel=1.8 eV, when the
calculations are carried out as desribed in this work. The
(b) LSDA close agreement of the Hubbdddvalues resulting from four

4 m” T LA m different calculations certainly stems from the fact that in
~ 37”\ ||HH|HH|IIH| "w,ll H||| H |||HHHH " each case we are dealing with the Coulomb-correlation en-
= b, it :"‘w ‘”,H‘ ergy of the same unsaturated localized Si dangling bond.
N " r To the best of our knowledge, there are no ARPES data
2 L available  for the silicate-covered  Si-terminated
& o] D i 6H-SiC(0001)-(/3 % y3)R30°, so far.

i i
L1 o ot . iect of conseorbed hyogen
r K M r :
Saturation of the Si dangling bond in the center of the
(c) Mott-Hubbard Si-O-Si honeycomb rings by hydrogen basically does not
HH”MHHH\H ‘h;;:'ll IIHH\HHH H\Il' i HHHHH change.all but one structural parametsee Tab.le IN. On.ly
= 3 D, e o ‘ IHH ; the vertical position of the substrate-surface Si atoms is mar-
O SCLITIN il | ginally changed. As our calculations have shown, without
Z adsorbed hydrogen the Si atoms with a dangling bond are
5 L1 D, i shifted downward by 0.003 A with respect to the other
= o, — substrate-surface Si atoms for the S1 termination. When hy-
U L drogen is adsorbed saturating the dangling bonds, these at-
T K M T oms are shifted upwards by 0.06 A. The band structure for

the H-terminated S1 configuration shows no significant
FIG. 5. Section of the surface-band structure for thgOSi  change belowE,gy, as compared to Fig. 4. Only the
model of 64-SiC(0001)-4/3% y3)R30° including the dangling  gangling-bond ban® in the projected bulk-band gap disap-
bond bands. The upper, middle, and bottom panels show the resuligy 5 5 Similar to the C-terminated surface, this also indicates
from LDA, LSDA, and Hubbard-model calculations, respectively. o the current system that the interface density of states is

parison. This difference stems from the fact that the C po_dr.astically reduced by hydrogen saturation. When all Si dan-
tential is stronger than the Si potential. Thus the C dangling9ling bonds are saturated, this surface should also be stable
bond bandFig. 2) is lower in energy than the Si dangling- " @r as has been observed in experinfeht.

bond band in Fig. 4. Similar to the case of the C-terminated

(0001) surface, this dangling-bond band turns out to be half- V. SUMMARY

filled in our LDA results. . . . Ab initio pseudopotential supercell calculations have
Consequently, we have carried out spin-polarized Iocabeen carried out for silicate adlayers at the

density and Hubbard-model calculations for this surface, af‘\/§>< J3)R30°-reconstructed 18-SiC(000] and

well, in order to investigate the electronic properties of the . 7
dangling-bond state. The dangling-bond bands calculategH'S'C(Oom) surfaces. In the case of silicate-covered

within LDA, LSDA, and the Hubbard model are shown in SIC(000]) surfaces, both the Sb; and the SiO; models
Fig. 5. In the LSDA calculation, the spin arrangement can bdave roughly the same formation energy. In the case of the
either ferromagnetic or antiferromagnetic. Our calculationsSiC(0001) surface, silicate adsorption within the ;6%

for both arrangements show that the total energy differencgiodel turns out to be energetically much more favorable
is less than 2 meV pen@x +/3) unit cell and that the band tha_n adsorption in the 8D, conflguratlon. The calculated_
structures are very similar with the same value of spin split:Optimal structural parameters are in excellent agreement with
ting. Therefore, only the band structure for the ferromagnetidhe results of recent LEED experimefits. Generally,

arrangement is displayed in the figure. The splitting betwee@Xygen-derived & states have been obtained around 20 eV
the spin-up and spin-down bands at fepoint is 1.0 eV. below the valence-band maximum for all the investigated

Because of the very small dispersion of tBg and D | structures. The O R states induce characteristic surface fea-
bands, there is no overlap between these two bands. THEres in the ionic gap. These two groups of surface state
spin-up bandD 7 is fully occupied and the spin-down band bands can be considered as the “fingerprints” of the silicate
D] is empty. In consequence the surface is semiconductingdlayers. In all our LDA results, except for the surfaces with
Similar to the C-terminated surface, we have also studie¢oadsorbed H, we find a half-filled dangling-bond band in
the band splitting by employing the Hubbard model. ourthe fundamental gap, in addition. For the C-terminated
calculated Hubbard) for this surface is 1.8 eV. Therefore, (0001) surface, this band occurs near 0.2 eV ab&ygy .
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For the Si-terminated0002) surface, it resides near 1.1 eV lending further support to the atomic structure models and to
aboveE, gy . From our LDA calculations both surfaces re- the notion that correlation effects as described within the
sult as metallic. In the outcome of our spin-polarized LSDAHubbard model are very important for a quantitative inter-
calculations, the dangling-bond band splits into two bandgretation of the data. Hydrogen saturation for both the

with a gap of 0.6 eV and 1.0 eV for the (000and (0001  (0001) and(000) surface clears the gap from surface states
surface, respectively. Thus, the spin-polarized LSDA calcusince the H atoms saturate the C or Si dangling bonds, re-
lations already show that the considered surfaces are sengpectively. This result supports the experimental finding that
conducting. However, as is well-known, such calculationsboth surfaces are stable in air at room temperature.
underestimate the value of the gap energy. To overcome
these shortcomings and to include correlation effects at least
in a model calculation, we have employed the Hubbard
model for the energetically most stable configurations. i is oy great pleasure to thank Dr. U. Starke for fruitful
Within the Hubbard model, a gap of 1.2 eV and 1.8 eV iSigcyssions. In addition, we acknowledge financial support
found for the (000} and (0001 surfaces, respectively. For of this work by the Deutsche Forschungsgemeinschaft
the silicate-covered SiC(00Q1surface our results for the (Bonn, Germany under Contract No. Po 215/13-2 and a
dangling-bond bands in the energy gap have been comparguant of Cray computer time at the John von Neumann-
with most recent ARUPS and band-bending data. Theory anthstitute for ComputingNIC) of the Forschungszentrum-Ju
experiment are found to be in very good agreement, indeedich (Germany under Contract No. K2710000.
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